In this work the 4-n-hexyl-4 -cyanobiphenyl liquid crystal was doped with differently shaped magnetite nanoparticles. The structural changes were observed by capacitance measurements. Influence of the shape of magnetic particles on magnetic Fréedericksz transition depends on the type of anchoring, which is characterized by the density of the anchoring energy and by the initial orientation between the liquid crystal molecules and the magnetic moment of the magnetic particles. It was observed that in the case of doping with spherical particles, the critical magnetic field is shifted to higher values with increase of volume concentration of the magnetic nanoparticles but decreases with increase of biasing voltage. In the case of doping with rod-like particles, the critical magnetic field is almost independent of the volume concentration of the magnetic nanoparticles.
Introduction
Liquid crystals (LCs) belong to a class of soft condensed matter that is characterized by the combination of the fluidity of ordinary liquids with the direction dependent electric and optical properties of crystalline solids. For a long time, LCs have remained a pure scientific curiosity and have not attracted great attention among scientists. Nowadays LCs are best known for their successful application in flat panel displays, but they exhibit many unique and attractive properties that offer great potential for fundamental science and innovative applications [1] . One of the most important early findings related to LCs was that they can be controlled by external fields. Their reorientational response typically has a threshold behaviour -an effect described by Fréeder-icksz [2] and named after him as the Fréedericksz transition. LCs can be (re)oriented with electric or magnetic fields due to the anisotropy of their dielectric permittivity ( a ) or diamagnetic susceptibility (χ a ), respectively. The dielectric anisotropy of liquid crystalline materials is of the order of unity, therefore the required driving voltages are of the order of a few volts. LCs are less sensitive to the magnetic field, due to their very low anisotropy of the diamagnetic susceptibility (χ a ≈ 10 −7 ). As a result of this, the realignment of LCs may require a large magnetic field strength H with B = µ 0 H being of the order of 1 T (µ 0 is the permeability of vacuum) [3] . The idea of doping LCs by fine magnetic particles (MPs) that may enhance their sensitivity to magnetic field, comes from Brochard and de Gennes [4] . * corresponding author; e-mail: gdovinova@saske.sk Ferronematics (FNs) represent stable colloidal suspensions of fine MPs in nematic LCs that can be easily aligned by a magnetic field and therefore they act as nanomagnets. The most essential feature of FNs is a strong coupling between the MPs (their magnetic moment m) and the LC matrix (the director n). This coupling ensures that the effect of magnetic field will be transferred into the nematic host. The Brochardde Gennes theory [4] predicted a rigid anchoring with m n. Later experiments on some thermotropic ferronematics have indicated that besides the m n condition, the case of m ⊥ n is also possible. Based on these experiments, Burylov and Raikher modified the theoretical description of FNs [5, 6] . They considered a finite value of the surface density of the anchoring energy W at the nematic-magnetic particle boundary and defined a parameter ω as the ratio of the anchoring energy to the elastic energy of the LC (ω = W d/K, where d is the size of the MPs and K represents an orientational-elastic Frank modulus). The parameter ω defines the type of the anchoring of nematic molecules on the MP's surfaces. Rigid anchoring is present at ω 1, while soft anchoring is characterized by ω ≤ 1; this latter type of anchoring permits both types of boundary conditions (m ⊥ n and m n).
The present paper discusses experimental observations on the structural transitions in FNs based on the liquid crystal 4-n-hexyl-4'-cyanobiphenyl (6CB) doped with magnetic nanoparticles of different size and shape. The dielectric properties of prepared FNs have been investigated during application of orienting magnetic (H) and dc biasing electric (E bias ) fields.
Materials and methods
FN samples were based on the thermotropic nematic 6CB, which has high chemical stability and a conve-nient temperature range of the nematic phase [7] . The LC was doped with magnetic particles (MPs) of various shapes (spherical and rod-like) in low volume concentrations (φ 1 = 10 −5 and φ 2 = 10 −4 ). The spherical MPs were prepared by the co-precipitation method described in [8] . The rod-like MPs were synthesized through hydrolysis of FeCl 3 and FeSO 4 solutions containing urea [9] . The morphology and size distribution of the prepared nanoparticles were determined by transmission electron microscopy (TEM) [10] .
3. Results and discussion The structural transitions provoked by combined electric and magnetic fields were monitored. The ac testing (U t ) and the dc biasing (U bias ) electric voltages, as well as the magnetic field H were applied perpendicular to the initial director orientation. As the electric and magnetic fields are parallel, due to the same sign of a and χ a , they induce the same type of distortion. Figures 1  and 2 show how the reduced capacitance of the undoped 6CB and 6CB doped with rod-like and spherical MPs, respectively, depend on the external magnetic field H, measured at no bias voltage (U bias = 0 V). For the LC doped with spherical MPs, doping increased the critical magnetic field H c , whereas rod-like MPs did not shift H c significantly. Figures 3 and 4 show how the critical magnetic fields of pure 6CB and of 6CB based FNs depend on the bias voltage. In case of doping with rod-like particles, the critical Fig. 1 . Dependence of the reduced capacitance on the external magnetic field for undoped 6CB and for 6CB doped with rod-like particles in two concentrations φ. Fig. 2 . Dependence of the reduced capacitance on the external magnetic field for undoped 6CB and for 6CB doped with spherical particles in two concentrations φ. magnetic field is almost independent of the volume concentration of MPs (Fig. 3) . However, when the doping is with spherical particles, the critical magnetic field is shifted to higher values with increase of volume concentration of MPs (Fig. 4) . In both cases, H c decreases with the increase of the dc bias voltage U bias , as it is expected. However, as one sees from Figs. 3 and 4, the decrease is much more pronounced than it follows from the relation for the combined magnetic and electric field action:
For the interpretation of these results one has to recall the Burylov-Raikher theory. From the expression for the free energy of FNs, they have derived an approximate relation between the critical field H c of the nematic host and the critical field H CF N of the FNs [6] :
Here d is the mean diameter of the MPs and φ is their volume concentration. The sign depends on the initial orientation of m and n. As both H CF N and H c were 1 is obtained for rod-like magnetic particles and ω ≈ 10 −3 1 characterizes the spherical MPs. These values correspond to a soft anchoring of the nematic director on the surfaces of the magnetic particles in 6CB-based FNs. We note that in a previous work [8] , the influence of the shape of magnetic particles on the structural transitions in another LC, 4-(trans-4 -n-hexylcyclohexyl)-isothiocyanatobenzene (6CHBT), has also been studied. Those experimental results concluded in soft anchoring in the case of spherical MPs, but in a rigid one in the case of rod-like or chain-like MPs, all with m n initial orientation. These results differ from the present findings. Thus we can conclude that the type of the anchoring of nematic molecules on the MP's surfaces depends on the shape of the MPs as well as on the type of the host LC.
Conclusions
The influence of the shape of magnetic particles on the critical magnetic field was studied in 6CB-based FNs, whose behaviour differed from that of 6CHBT-based FNs. It was demonstrated that addition of the nanoparticles has a substantial influence on the sensitivity of FNs to external magnetic fields. Our experimental results indicated soft anchoring in the cases of spherical as well as of rod-like magnetic particles. Doping with spherical MPs increased the critical field of the magnetic Fréed-ericksz transition, which indicates an initial m ⊥ n orientation. In the case of doping with rod-like MPs, B c shifts almost negligibly, but to opposite direction. As a result the initial orientation permits either parallel or perpendicular orientation between the magnetic moment of MPs and the director.
